Mitochondria are an essential component of cellular integrity and homeostasis, and their functions and pathological processes are highly dependent on mitochondrial ion channels. Anion channels of the inner mitochondrial membrane have been described by direct patch-clamp electrophysiological methods in mitoplasts prepared in cardiac, liver, and brown adipose tissue, but not in brain. Here, using acutely isolated rat brain mitoplasts, we describe the properties of a large conductance, voltage-gated, pH-sensitive, outwardly rectifying chloride channel with conductances of 98 pS and 129 pS at negative and positive membrane potentials, respectively. While the molecular identity of this chloride conductance is unknown, it is unlikely to be a CLIC channel due to differences in the observed electrophysiological properties.
Mitochondrial ion channels are involved in a broad range of essential physiological processes including thermogenesis, regulation of the mitochondrial membrane potential and matrix volume, apoptosis, reactive oxygen species (ROS) production, calcium homeostasis, and cell excitability [1] . As such, their dysfunction has been implicated in a wide variety of diseases including Type 2 diabetes, Parkinson's disease, atherosclerotic heart disease, stroke, Alzheimer's disease, and cancer [2] . Anion channels localized to the inner mitochondrial membrane (IMM) in particular have been implicated in such functions, as these channels regulate mitochondrial membrane potential, apoptosis, and cell excitability (for review, [3] ). As such, a better understanding of the physiology and regulation of these channels may provide insights into a wide range of disease processes and aid in the development of novel drug treatments for a variety of medical, and especially neurological, conditions. Anion channels on the inner mitochondrial membrane (IMM) were first characterized by Garlid and Beavis in a series of studies that examined mitochondrial swelling [4] [5] [6] [7] [8] [9] [10] [11] [12] and named inner membrane anion channels (IMACs). Subsequently, a chloride-selective channel with a conductance of 107 pS was described using patch-clamp methods in liver mitoplasts (i.e., a mitochondrial preparation stripped of the outer membrane) by Sorgato et al. [13] in 1987. This channel has been referred to as the mitochondrial Centum picoSiemens channel, or mCS, in some reports and differentiated from IMAC on the basis of biophysical properties. Subsequently, the IMAC was proposed to be identical to the mCS [14] .
Since then, direct patch-clamping of the IMM has revealed a similar chloride conductance in rat cardiac [15] 
Materials and methods

Mitochondrial isolation
Brain mitochondria were isolated from postnatal 35-day-old (P35) male Wistar rats by differential centrifugation as previously described [21] , but with the following modifications: following the nitrogen bomb step, the sample was divided into two ultracentrifuge tubes containing a Ficoll gradient of 7.5% and 10% (prepared from Ficoll solution diluted with isolation buffer) and centrifuged at 175 000 9 g for 30 min at 4°C. The resulting pellets were rinsed with 1 mL of hypertonic solution, combined into one tube by resuspending into 1.5 mL of hypertonic solution, and centrifuged at 10 000 9 g for 10 min. The supernatant then was removed, and the final pellet resuspended in a volume of 25 lL hypertonic solution and stored on ice prior to mitoplast preparation.
Mitoplast preparation
Two microliter aliquots of isolated mitochondria were added to 2 mL of hypotonic solution in a 35 mm petri dish (Falcon), mixed, and incubated on ice for 1 min to allow mitochondria to swell, rupturing their outer membranes. Hypertonic solution (500 lL) was then added and mixed to restore isotonicity, resulting in a preparation of swollen inner mitochondrial membranes with outer membranes removed (mitoplasts), floating in a solution of 150 mM KCl.
Patch-clamp electrophysiology
High-resistance pipettes (30-60 MΩ) were fabricated from borosilicate glass tubing (Sutter) using a PC-10 vertical pipette puller (Narishige) and filled with pipette solution. Mitoplast preparations were mounted on a Zeiss Axiovert 200 inverted microscope, and free-floating mitoplasts were chased by pipettes using robotic guidance (MP-225 manipulator, Sutter) in order to make contact and form high-resistance seals (> 1 GΩ). Voltage-clamp recordings were made in mitoplast-attached and excised patch modes using an Axon Instruments Axopatch 200B amplifier and Digidata 1550B digitizer in conjunction with pClamp data acquisition software (Molecular Devices). In all recordings involving solution exchange, agar bridges containing 3M KCl were used to prevent junction potential changes. Data were stored on computer and analyzed using pClamp analysis software (Molecular Devices). Currents are described using the standard convention, and voltages refer to the inside of the mitoplast (opposite of the command potential). Graphs and figures were prepared using GraphPad Prism and CorelDRAW software, respectively. 
Results
In patch-clamp experiments using intact rat brain mitoplasts, the current characteristics of channels on the inner mitochondrial membrane were observed. Single-channel current recordings made in symmetrical isotonic solutions (150/150 mM KCl) revealed single or multiple simultaneously active channels with a unitary conductance of approximately 111 pS at 40 mV ( Fig. 1) .
To determine the voltage dependence and rectification properties of the channel, single-channel currents were recorded at different voltages ( Fig. 2A) . Averaged currents from multiple patches (n = 14) were plotted against voltage (Fig. 2B ) and the slope conductance determined by linear regression. This revealed outward rectification with conductances of 98 AE 3 pS and 129 AE 5 pS at negative and positive potentials, respectively (Fig. 2B) .
Voltage dependence was determined by calculating the open probability (P open ) at different membrane potentials in multiple patches (n = 6). P open at each membrane potential was averaged across multiple patches and plotted against membrane potential (Fig. 2C) , revealing a very strong voltage dependence with P open values ranging from 0.03 at -40 mV to 0.98 at + 40 mV (Fig. 2C) .
The kinetic basis for the observed voltage dependence was determined by curve fitting of dwell-time distributions at positive and negative potentials (Fig. 3 ). Open times (Fig. 3A) were best fit by two exponentials at negative membrane potentials (left; À30 mV; s 1 = 1.17 ms, s 2 = 4.58 ms) and by three exponentials at positive membrane potentials (right; + 30 mV; s 1 = 0.60 ms, s 2 = 4.12 ms, s 3 = 18.43 ms). Closed times (Fig. 3B) were best fit by a single exponential at negative membrane potentials (left; À30 mV; s = 0.81 ms) and by two exponentials at positive membrane potentials (right; + 30 mV; s 1 = 0.39 ms, s 2 = 2.40 ms).
In order to evaluate the ionic selectivity of the channel, the ionic gradient was varied during single-channel current recordings (excised patch configuration). Baseline recordings of single channel currents were taken at different voltages ( Fig. 4A ; left panel) in order to establish the reversal potential in isotonic 150/150 KCl (1.0 AE 1.1 mV; Fig. 4B ; filled circles). The bath concentration of KCl was then increased to 450 mM and the voltage steps repeated ( Fig. 4A ; right panel) in order to determine the reversal potential in a 3 : 1 KCl gradient (25.1 AE 1.8 mV; Fig. 4B ; open circles). This rightward shift in reversal potential (DVm) of 24.1 AE 1.8 mV (Fig. 4B) indicates selectivity for chloride over potassium. The permeability ratio for Cl À :
K + was then determined by substituting DVm into the Goldman-Hodgkin-Katz equation:
where V m is the reversal potential, R is the gas constant, T is the absolute temperature in Kelvin, F is the Faraday constant, pK and pCl are the relative permeabilities of K + and Cl 0 -diisothiocyanostilbene-2,2 0 -disulfonic acid (DIDS, 30 lM) was applied to the bath during patch-clamp recordings, resulting in a compIete block of channel activity ( Fig. 4C; n = 3) .
Next, we investigated the effect of hydrogen ions on channel activity (Fig. 5) . While the channel exhibited a typical bursting pattern with a high open probability at pH 7.2, decreasing the pH of the bath solution with hydrochloric acid strongly inhibited the channel, with complete block occurring in 50% of patches at pH 6.5 (n = 8), and 100% of patches between pH 5.8 and 6.2 (n = 4).
Discussion
Two major chloride channels of the inner mitochondrial membrane have been previously described-the inner membrane anion channel (IMAC)-originally characterized in light-scattering experiments [4-12] and the mitochondrial Centum pico-Siemens (mCS) channel [13], the first ion channel to be described by patchclamping a mitochondrial membrane. While the mCS [13] had a conductance of 107 pS in symmetrical 150/ 150 KCl, described as non-rectifying, and insensitive to changes in pH between 6.2 and 9.0, the channel also showed a steep voltage dependence, closing at negative and opening at positive potentials as well as the frequent occurrence of multiple channels in a single patch. The main distinction between mCS and IMAC was that IMAC was activated by alkaline pH [6], although a subsequent characterization in brown fat mitochondria demonstrated that sensitivity to pH and other properties were largely shared between mCS and IMAC, suggesting that IMAC and mCS are in fact the same entity [14] . While similar channels have been described by patch-clamp studies in a variety of tissues [14-17], a similar mitochondrial chloride conductance in brain has not been previously described.
By patch-clamping mitoplasts directly, we have shown that a large-conductance chloride channel exists on the inner membrane of brain mitochondria, with properties similar to those previously described in mitoplast patch-clamp studies of the IMAC/mCS. The observed conductances of 98 AE 3 pS at negative and 129 AE 5 pS at positive potentials are similar to those of previous mitoplast patch-clamp studies reporting chloride channel conductances of 107 and 108 pS in liver [13,16],~108-113 (depending on temperature) and~108 pS in brown adipose tissue [14, 17] , and 100 pS in heart [15] . While the current-voltage relation of the mCS has often been described as linear [13, 14, 16, 17] , this may be due to the narrower voltage range used to characterize the channel in prior studies. Indeed, when analyzed between AE 40 mV, the current-voltage relationship of our channel appeared ohmic as well, with a conductance of 109 AE 1 pS, typical of previous reports (data not shown). Although not quantified, one prior study conducted in mouse liver mitoplasts described outward rectification in the mCS [22] , in agreement with our findings.
The steep voltage dependence of the chloride channel described here is also consistent with prior mitoplast patch-clamp studies of the mCS in other tissues [13-15,17], describing a low P open at negative potentials and a high P open at positive potentials.
Curve fitting of dwell-time histograms revealed the kinetic basis for the described voltage dependence. Open times, which were best described by two terms at negative potentials (s 1 = 1.17 ms, s 2 = 4.58 ms), displayed an additional, longer component at positive potentials (s 1 = 0.60 ms, s 2 = 4.12 ms, and s 3 = 18.43 ms). Closed times, which were best described by a single term at negative potentials (s = 0.81 ms), had an additional, longer component at positive potentials (s 1 = 0.39 ms, s 2 = 2.40 ms). A similar pattern was observed by Klitch and Siemen [17] in their study of a 108 pS chloride channel on the inner mitochondrial membrane of rat brown adipocytes. They described a distribution containing a longer open component at positive potentials (À20 mV: s 1 = 0.43, s 2 = 9.25; + 50 mV: s 1 = 0.75, s 2 = 57.9) and a longer closed component at negative potentials (À20 mV: s = 0.43; + 50 mV: s 1 = 0.17, s 2 = 0.98). In the original description of the mCS channel, Sorgato and colleagues [13] reported a single open time constant at positive potential (+ 60 mV), s = 6.9 ms, comparable to our s 2 of 4.12 ms at + 30 mV, and a closed time distribution with two components at + 60 mV; s 1 = 1.9 ms, s 2 = > 100 ms), with the first term being comparable to our second term, s 2 = 2.4 ms at + 30 mV. Both the observed voltage dependence and outward rectification would facilitate the flow of chloride into the matrix at depolarizing potentials, while minimizing it at hyperpolarizing potentials; these properties may provide clues as to the physiological role(s) of the channel. Furthermore, the observed inhibition by protons, while contrary to the pH insensitivity described in the original mitoplast patch-clamp study of the mCS [13] , is in line with many mitochondrial swelling studies of the IMAC [5-9,11,12] and with a subsequent mitoplast patch-clamp study [14] which reconciled the differences between mCS and IMAC.
Regarding ionic selectivity, here we report a highly selective channel with a permeability ratio for Cl While the molecular identity of the IMAC/mCS remains unknown, the 'chloride intracellular channel (CLIC)' class of proteins has been proposed as a potential candidate, as CLIC4 and CLIC5 have been found to localize to the inner mitochondrial membrane [23] . CLIC4 and CLIC5 have been studied electrophysiologically using planar bilayer [24] [25] [26] [27] and patch-clamp techniques [28] , with CLIC4 bearing a conductance of 1 pS [28] ,~15 pS [24] , multiples of~30 pS (interpreted as independent CLIC4 channels) [26] , or 43 pS [27] , under varying ionic conditions. CLIC5 displayed multiple conductance levels ranging from~2 to 125 pS, which were proposed to correspond to arrays of individual channels [25] . Notably, weak cation selectivity was observed for both CLIC4 and CLIC5 (Cl À /K + selectivity of 0.54 and K + /Cl À selectivity of~2 for CLIC4 and CLIC5, respectively), suggesting a need for revision of the CLIC nomenclature [24, 25] . Overall, the electrophysiological properties of known mitochondrial CLIC channels make them unlikely candidates for the identity of the IMAC/mCS. One challenge to understanding the physiological role of the IMAC/mCS channel is its strong voltage dependence. Not only would the channel be expected to remain closed at physiological DΨ m , in the range from À140 mV to À220 mV [29, 30] Mitochondrial dysfunction is at the core of many diseases affecting humans, including congenital diseases as well as diseases of aging such as Type 2 diabetes, atherosclerotic heart disease, and cancer [2] . Given the involvement of mitochondrial dysfunction in the development of epilepsy [31] as well as neurodegenerative diseases such as amyotrophic lateral sclerosis, Alzheimer's disease, Huntington's disease, and Parkinson's disease [32, 33] , confirmation of the presence of IMAC in brain may have important implications for the development of new therapies for the treatment of these conditions.
Regarding disorders of tissue excitability, action potential generation in excitable tissues is dependent on a tightly regulated sequence of ion channel opening and closing, suggesting that intracellular ion fluxes in mitochondria could influence membrane excitability in these cell types. This concept is supported by a study implicating the IMAC in mitochondrial membrane potential (DΨ m ) collapse, thereby shortening action potential duration and contributing to the generation of arrhythmia in isolated cardiomyocytes [34] . Notably, known chloride channel blockers prevented DΨ m collapse, pointing to their potential as therapeutic agents. By extension, ion fluxes in mitochondria could influence the excitability of neurons, implicating them in disorders of excitability such as epilepsy. Future studies will aim to better understand the physiological role of these channels in brain mitochondria and to explore the therapeutic potential of their modulation for the treatment of neurological diseases.
